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Total photoyield experiments are applied to characterize p-, intrinsic, and n-type diamond with hydrogen-terminated surfaces. On all hydrogen-terminated samples a photoelectron threshold energy of 4.4 eV is detected which is discussed in detail in this letter. We attribute this threshold to the energy gap between the valence-band maximum and the vacuum level, which is 1.1 eV below the conduction-band minimum, and generally referred to as "negative electron affinity" ͑NEA͒. Hydrogen terminated p-type and intrinsic diamond show a rise of secondary photoyield in the excitation regime h Ͼ 5.47 eV. However, this is not detected on n-type diamond. We ascribe this to the formation of an upward surface band bending in the vicinity of the n-type diamond surface which acts as an energy barrier for electrons. Based on the unique electronic properties of diamond, it is a promising wide band-gap semiconductor with an optical gap of 5.47 eV. Moreover, hydrogen-terminated ͑H-terminated͒ diamond is expected to be one of the most promising materials for cold cathode emitters due to the negative electron affinity ͑NEA͒ which is expected to generate a high electron emissivity. Chemical-vapor-deposition ͑CVD͒ of homoepitaxial diamond films became a promising technique to grow high-quality diamond with respect to optical and electronic properties. An important progress was the establishment of n-type doping using phosphorus.
1-3 Therefore, n-type diamond seems to be the material of choice for field emitters.
The negative electron affinity of diamond has been discussed qualitatively using secondary electron microscopy ͑SEM͒, x-ray induced photoelectron spectroscopy ͑XPS͒, and ultraviolet light induced photoelectron spectroscopy ͑UPS͒. 4 The formation of C-H dipoles is considered to be the origin of the negative electron affinity of hydrogenterminated diamond. In the case of oxidized diamond the dipole is reversed which gives rise to a positive electron affinity ͑PEA͒. 5, 6 The details of negative electron affinity on diamond surfaces are, however, still not fully characterized. In particular, for n-type diamond, the electron affinities are not available. One of the reasons is that only a few experimental techniques are suitable to evaluate the electron affinity quantitatively. To achieve high quality field emitters or to optimize surface electronic devices based on diamond a full understanding of surface electronic properties is required.
In total photoyield spectroscopy ͑TPYS͒ the quantum efficiency of photoelectron emission is measured as a function of photon energy. The electron affinity is detected by an onset and strong rise of photoelectron emission, taking into account the band gap of semiconductors under investigations. In case of p-type H-terminated diamond a pronounced onsets of total photoyield ͑TPY͒ at band-gap excitation energies of h = 5.5 eV was reported. 7, 8 Based on this finding H-terminated diamond has been described as a negative electron affinity material where the vacuum level is equal or below the conduction band minimum. Several papers also point out that H-terminated diamond shows a threshold at 4.2-4.5 eV. 8, 9 but a clear and convincing model has up-tonow not been presented. 10 In this letter, we characterize p-type, intrinsic, and n-type single crystal diamond by TPYS. We discuss the threshold at 4.4 eV, and carry out quantitative evaluations of electron affinities of H-terminated p-type, intrinsic, and n-type diamonds.
For the measurements we used single crystalline synthetic type IIa ͑intrinsic͒ diamond with ͑001͒ crystal orientation, a boron doped ͑p-type͒ CVD film with ͑111͒ orientation ͑CVD-B͒, and a phosphorus doped ͑n-type͒ CVD film with ͑111͒ orientation ͑CVD-P͒. The thickness of IIa is 300 m, of CVD-B 0.75 m, and of CVD-P 2 m, respectively. The CVD films were grown on synthetic type Ib ͑111͒ diamonds ͑Sumitomo Co. Ltd.͒, which had misorientation angles of 2°-3°. We applied Hall-effect experiments to measure the electronic properties. Substrate properties like nitrogen content etc. do not effect the bulk and surface properties of the CVD layer which have been grown on Ib diamond.
11,12 After growth, samples were H-terminated in a microwave hydrogen plasma at 800°C for 5 min. 11, 12 At such temperatures no hydrogen induced acceptor passivation takes place, so that the bulk acceptor properties are not changing. 13 To oxidize the surface the samples were boiled in a mixture of H 2 SO 4 and HNO 3 at 230°C. For TPYS measurements, the samples were mounted on a molybdenum ͑Mo͒ sample holder with a tantalum ͑Ta͒ cover, and introduced into a UHV system with a base pressure of 8 ϫ 10 −9 Pa. TPYS was carried out at room temperature. Figure 1 shows the TPYS results of as H-terminated IIa, CVD-B, and CVD-P samples. The inset is the enlarged figure of the TPY spectra in the band-gap excitation region. The data were normalized using the TPYS-signal detected at 5.5 eV.
As can be seen in Fig. 1 , all H-terminated samples show the same threshold energy at 4.4 eV. The spectra in the energy regime from 4.4 to 5.5 eV are identical, regardless of p-type, n-type, or intrinsic properties, and of differences in bulk properties such as absorption coefficients, diffusion lengths and thicknesses, etc. In the case of oxidized surfaces, these subband spectra disappear. It is reproducibly found that the TPY onset at 4.4 eV is correlated with H-termination which indicates that it is related to the diamond surface to H-termination and to optically induced electron transitions at the surface.
As can be seen in the inset of Fig. 1 , IIa and CVD-B samples show a pronounced rise at 5.5 eV, corresponding to valence-band maximum to conduction band minimum excitations. The rise of photoyield above 5.5 eV for IIa is clearly larger than that of CVD-B. As the absorption width at 5.5 eV is about 10-20 m the difference in TPY is attributed to the difference in thickness, which is 300 m for the IIa sample and only 0.75 m for the CVD-B layer. In the case of n-type diamond, however, this rise could not been detected at all, although the thickness of 2 m is larger than of CVD-B. This is surprising as n-type diamond has been defined to be "the electron emitting semiconductor." Please note that in the case of oxidized surfaces which generate positive electron affinity, no secondary photoelectron emission can be detected, neither around 5.5 eV nor in the sub-band-gap regime h Ͻ 5.5 eV. Figure 2 summarizes schematically three photoexcitation paths of electrons into the vacuum which have been proposed in the literature ͑I-III͒, and a new path which will be discussed below in this letter ͑IV͒ for a negative electron affinity:
͑I͒
Photoexcitation from defects into the conduction band followed by diffusion to the negative electron affinity surface. This transition depends on the Fermi-level position.
14 ͑II͒ Photoexcitation from surface states in the band-gap into the vacuum. This is also a Fermi-level dependent transition.
10
͑III͒ Photoexcitation from the valence band into the conduction band, and diffusion to the negative electron affinity surface. The efficiency of electrons reaching the vacuum level depends on the band bending at the surface ͑see Fig. 3͒ . 9 ͑IV͒ Direct photoexcitation from valence band states in or close to the surface into the vacuum.
Our data show that all H-terminated diamond films have a photoyield threshold at 4.4 eV, independent of specific doping properties and surface band bendings. A similar characteristic has been reported by Cui et al. 10 They applied XPS, Kelvin probe, and TPYS on natural H-terminated p-type ͑IIb͒ diamond. They proposed an inhomogeneous model where areas with positive electron affinities ͑graphitic patches͒ are embedded into negative electron affinity regions which have been attributed to H-terminated regions. We exclude this model however based on the results on n-type diamond. For n-type diamond the gap between Fermi and vacuum level on the surface should be significantly smaller than p-type diamond. The onset of photoelectron emission should therefore be shifted to lower energies which is not detected. We therefore exclude this model as a relevant mechanism for photoelectron excitation.
The photoyield threshold at 4.4 eV originates from surface properties related to H-termination of the diamond surface. The direct photoexcitation from valence band electrons in or close to the surface into the vacuum as described in Fig.  2 by path IV is the most likely transition mechanism. This transition is detected on all high quality intrinsic, high quality boron and phosphorus doped diamond films. In the case of diamond with lots of defects in the band gap or extremely high boron doping we expect a variation of the threshold energy due to additional transition from those states.
The physical mechanism of such transitions can be discussed as follows: The wave functions of electrons in the valence band in or close to the surface are interacting with the carbon-hydrogen dipole at the surface if photons of ap- propriate energies ͑in our case h Ͼ 4.4 eV͒ are present. This interaction gives rise to electron emission. It is a new mechanism which has not been discussed in the literature up-tonow. Currently, a series of experiments are performed to elucidate this phenomenon more in detail, including diamond with extremely high doping levels. Based on our model, the threshold at 4.4 eV is the energy gap between the vacuum level and valence band maximum. Taking into account absolute number, the negative electron affinity of ͑100͒ and ͑111͒ diamond with H termination is −1.1 eV. The detection of sub-band-gap secondary electron emission on samples with low doping and low defect densities therefore allows to determine the negative electron affinity in a straight forward way. With increasing sensitivity of the setup we will be able to characterize defect and doping levels in the vicinity of H-terminated diamond surfaces.
Our data show expected rises of photoelectron emissions for excitations above 5.5 eV on p-and intrinsic type H-terminated diamond. For such excitations, valence band electrons are excited into the conduction band, and thermalize immediately to the conduction band minimum. 7, 8, 15 A fraction of electrons will diffuse to the surface, and escape into the vacuum. As electrons escape from the bottom of the conduction band, the electron affinity must be less or equal to zero. In the case of oxidized surfaces with positive electron affinity, the onset of TPY is shifted to higher energies than 5.5 eV.
However, hydrogen terminated n-type diamond does not show the rise at 5.5 eV. This is surprising in so far as the surface is hydrogen terminated as verified by wetting angle experiments and sub-band-gap photoelectron emission data. As the negative electron affinity originates from C-H dipoles which are terminating the n-type diamond, we conclude that a negative electron affinity is present on our surface. We assume that photoexcited electrons with energies larger than 5.5 eV cannot diffuse into the vacuum most likely due to an energy barrier which is now inside of diamond. An upward band bending towards the surface for n-type diamond can be expected, which prevents photoemission as schematically shown in Fig. 3 . The energy barrier is generated by a space charge layer of ionized phosphorus donors in the vicinity of the surface due to electron diffusion into the vacuum level. This is comparable to the establishment of depletion regions in pn-or Schottky junctions. There may be surface defects which can be occupied by electrons or electron transfer into an adsorbate layer may occur, etc. Further investigations are needed to elucidate this problem.
In summary, total photoyield spectroscopy experiments performed on high quality hydrogen-terminated p-, intrinsic and n-type diamond show a threshold at 4.4 eV. This feature results from optically induced transitions of electrons from the valence band in or close to the surface into the vacuum level. We use these data to calculate the negative electron affinity ͑ NEA ͒ by simply taking into account the threshold energy ͑E th ͒ and the band-gap energy ͑E g ͒: NEA = E g − E th . It is a straight forward and new approach to measure the negative electron affinity of diamond and further experiments are on the way to characterize H-terminated diamond with different crystal orientation and doping and defect properties. Our data indicate that n-type doped H-terminated diamond has an upward surface band bending in the vicinity of the surface, which acts like a positive electron affinity, and which prevents electron emission in cold cathode devices.
